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INTRODUCTION

The growth of new capillaries from pre-existing vessels, named angiogenesis, contributes
to the development and progression of a variety of physio-pathological conditions, as
malignant tumor growth and metastasis (Folkman, 1992; Weinstat-Saslow, D. and Steeg,
P.S, 1994, Folkman, 1995). In the absence of angiogenesis, local tumor expansion is
suppressed at a few millimeters and cells lack routes for distant hematogenous spread.
Clinical studies have demonstrated that the degree of angiogenesis is correlated with the
malignant potential of several cancers, including breast cancer and malignant melanoma
(Horak et al., 1992; Carrau et al., 1995; Meitar et al., 1996; Takebayashi et al., 1996 Sung
et al., 1998).

Although cell surface receptors of the integrin family were initially characterized for their
contribution to cell adhesion and migration (Hynes, 1992), recent report suggest their
contribution to cancer progression by mediating cellular functions such as tumor cell
proliferation, invasion, survival and apoptosis (Hynes, 1999; Giancotti and Ruoslahti,
1999; Pariese et al., 2000, Elicieri and Cheresh, 2001)

Vascular integrins such as av133 and czvP5 are selectively expressed in angiogenic
vasculature but they are not expressed in normal vasculature (Brooks et al., 1994; Drake
et al., 1995; Clark et al., 1995; Pasqualini et al., 1997; Arap et al., 1998). Moreover, cv
integrin antagonists have been shown to block the growth of neovessels (Brooks et al.,
1994a, 1994b, 1995, 1997; Hammes et al., 1996); in these experiments, endothelial cell
apoptosis was identified as the explanation for the inhibition of angiogenesis (Brooks et
al., 1994a, b, 1995; Varner et al., 1995). Even though, both cXvP3 and aXvP5 integrins
bind to vitronectin, they probably mediate different post-ligand binding events. For
instance, in the absence of exogenous soluble factors, the integrin Xv835 fails to promote
cell adhesion, spreading, migration, and angiogenesis. On the other hand, the Ev033
integrin can induce such events without additional stimulation by cytokines (Klemke et
al., 1994; Lewis et al., 1996; Friedlander et al., 1995).

The uses of phage libraries have provided a rapid means to identify extracellular integrin
ligands (Koivunen et al, 1999). The large molecular diversity represented in phage
peptide libraries facilitates the identification of motifs that map to protein interaction sites
(Kolonin et al., 2001; Giordano et al., 2001). For example, RGD-containing peptides
with high affinity for av integrins have been isolated by phage display and shown to be
useful tools for targeting tumor vasculature in vivo (Koivunen et al., 1995; Pasqualini et
al, 1997; Zetter, 1997).

Cellular control of the adhesive interactions and their translation into dynamic cellular
responses, such as cell spreading or migration, requires the integrin cytoplasmic tails. The
diverse cytoplasmic domain sequences within the various integrin subunits are critical for
integrin-mediated signaling into the cell (outside-in signaling) and for activation of ligand
binding affinity (inside-out signaling) (Clark and Brugge, 1995; Clark and Hynes, 1997;
Howe et al., 1998; Schlaepfer and Hunter, 1998). Often, it is the association of specific
molecules with integrin cytoplasmic domains that initiates signal transduction cascades
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(Schwartz et al., 1995; Shattil and Ginsberg, 1997; Schlaepfer and Hunter, 1998; Liu et
al., 2000; Aplin and Juliano, 2001). Expression of chimeric integrins showed that the
cytoplasmic domains of the integrin P3 subunits are critical for integrin-mediated signaling
into the cell (outside-in signaling) and activation of integrin-ligand binding affinity
(inside-out signaling; Hynes, 1992; Schwartz et al., 1995; Lafrenie and Yamada, 1996;
Shattil and Ginsberg, 1997).

Only a limited number of proteins that bind to integrin cytoplasmic domains have been
identified. These proteins, such as paxillin and ICAP- 1, mainly associate with the P 1
chain (reviewed in Shattil and Ginsberg, 1997). Cytohesin-1 and filamin associate with
the cytoplasmic domain of 032 (Kolanus et al., 1996; Sharma et al., 1995).

The P5 cytoplasmic domain has been reported to control cell migration and proliferation
(Pasqualini and Hemler, 1994; Klemke et al. 1994; Clark and Hynes, 1997). In addition,
it has also been reported that the control of xvP35 -dependent cell migration and tube
formation of endothelial cells is through a pathway regulated by PKC (Tang et al., 1999).
However, •v135-dependent mechanisms for cytoplasmic domain control of cell signaling
are not well understood. Theta-associated protein 20 (TAP 20), a cytoplasmic protein
related to endonexin, is a key player in this process and associates with the P35
cytoplasmic. Unlike cytoskeletal proteins such as talin or the cytosolic protein receptor
for activated protein kinase C (RACKI; Mochly-Rosen et al., 1995; Liliental and Chang,
1998), which associate with the cytoplasmic domains of several integrin P subunits, TAP
20 is the only protein known to interact exclusively with the P35 cytoplasmic domain.

To gain insight into the mechanisms regulating avP5 signaling, we sought to identify
molecules that specifically interact with the cytoplasmic domain of 105 by screening a
random peptide library using phage display. The extraordinary molecular diversity
represented in phage display libraries facilitates identification of motifs that mimic
protein interaction sites (Kallen et al., 2000; Kolonin et al., 2001; Giordano et al., 2001).
Because peptides that bind to the P35 cytoplasmic domain probably mimic the effects of
avP35 -associated molecules, we hypothesized that such peptides could interfere with
c(v[5 -mediated cell functions upon cell internalization.

In summary, our proposed studies are likely to contribute to a better understanding of the
biochemical mechanisms that are related to the integrin-mediated signaling events
involved in controlling tumor growth and angiogenesis. These processes involve cell
adhesion to the extracellular matrix and integrin-mediated signaling. Thus, the work
proposed here may lead to novel therapeutic approaches in diseases such as cancer,
rheumatoid arthritis, and retinopathies.

PROPOSAL BODY

The tasks originally approved for this proposal are listed below.
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1. To select peptides that bind specifically to P33 or to 135 integrin cytoplasmic
domains.
2. To investigate whether phosphorylation events can modulate the interaction of
the selected peptides with integrin cytoplasmic domains

3. To determine the biological properties of the cytoplasmic domain-binding
peptides

In this final report, we show that we had successfully isolated peptides that bind
specifically to P33 or 135 cytoplasmic domains. We provide functional data that strongly
support the notion that our isolated peptides affect integrin function in a selective,
specific and dose-dependent fashion. We demonstrate that phage display is a powerful
tool that not only can be use to identify sequences that specifically bind the target protein,
but it can also be used, with a combination of protein purification, to identify the protein
that contains the sequence. We also determined biological properties of the cytoplasmic-
binding peptide. Our findings are likely to contribute to a better understanding of the
biochemical mechanisms that are related to the integrin-mediated signaling events
involved in controlling tumor growth and angiogenesis.

Phage display library screenings produce peptides that interact selectively with integrin
cytoplasmic domains

Panning of phage peptide libraries on 133 or J35 cytoplasmic domains.
We have isolated 133 (Figure 1) and 135 cytoplasmic domain-binding peptides (Figure 2),
by screening multiple phage libraries with recombinant GST fusion proteins that contain
either GST-133cyto or GST-p5cyto coated onto microtiter wells. Immobilized GST was
used as a negative control for enrichment during the panning on each cytoplasmic
domain. Phage were sequenced from randomly selected clones after three rounds of
panning as described elsewhere (Koivunen et al., 1994, 1995; Pasqualini et al., 1995).
We successfully isolated distinct sequences that interact specifically with the 133 or with
the 135 cytoplasmic domains (Figure 3A and 313).

A) GLDTYRGSP B) YDWWYPWSW C)CLRQSYSYNC Figure 1. Binding of 03
GST ST =tST4 cytoplasm ic domain-selectedM MADoBA nBSA-i 2000 0w", phage to immobilized proteins.

GST fusion proteins or GST alone
. 000 400 were coated on microtiter wells at

11000 10 pg/ml and used to bind phage
z, 1- expressing the peptides (each

phage is identified by the peptide
Q o.- sequence it displays, i.e.

ilutions Dilutions Dilutions GLDTYRGSP; YDWWYPWSW;
CLRQSYSNC; SDNRYIGSW;0) SDNRYIGSW E) CERQTQEGC 0F) CFQNRC CEQRQTQEGC; CFQNRC). The

-0-lr Gsl•3 -S~l C.t-§3 100-I,' GI-,3

GST siTCMGST data represent the mean colony
MA "A M counts from triplicate wells, with" �tstandard error less than 10% of

400- 16the mean.
I lo 400

200ý Z 0

0 L
10.AIwo 00 4 0 lowi low4 0

Dilutions Dilutions Dilutions
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Figure 2. Binding of 05

A) DEEGYYMMR B) KQFSYRYLL C) CEPYWDGWFC cytoplasmic domain-700 00 1000
I-II G~t 3 I ~- 3 -II Got•3 . J

M0 S GSEBSA immobilized proteins.
50 000 GST fusion proteins or

40 GST alone were coated on

I 
I microtiter wells at 10 pg/ml

002 0o and used to bind each
0 ® 

phage expressing the

10I -~ i0 o 10 - 1 . peptides show n in Table 3

==,-,-AW- (each phage is identified

D) VISYYLL ) CIWPDGLCby the peptide sequence it
DM, M 0) 

wellL 
E C W S displays). (A)

=I'GST =-- ,VVISYSMPD; (B)

110ABKQFSYRYLL; (C)

CYIWPDSGLC; (D)
4 ,® CEPYWDGWFC (E)

DEEGYYMMR. The data
2Mo- "represent the mean colony

counts from triplicate wells,
""- with standard error less

S• -than 10% of the mean.

Figure 3A. Binding of P3 cytoplasmic domain- A)CEQRQTQEGC B)GLDTYRGSP C) SDNRYIGSW
selected phage to 01, 03 and 1P5 immobilized A Too- B T)N
proteins. GST fusion proteins or GST alone 150 MGDYSP ] E -sIM70
were coated on microtiter wells at 10 pg/ml and 12lJFdTot 60. I 0 e .,

used to bind each phage expressing the peptides 1252

shown in Table 3 (each phage is identified by the S 500- 2

peptide sequence it displays). The data 225"

represent the mean colony counts from triplicate 2 1.00o

wells with standard error less than1 0% of the I M.
mean. Fd-tet insertless phage was used as a E
negative control. 200 7-

Figure 3B. Binding of 15 cytoplasmic domain- 23 100 1 j

selected phage to 1P1, 53 and 135 immobilized 0B
proteins. GST fusion proteins or GST alone GSt4•Gst-3Gst-§S5 GST BSA G".41G.t3G~tS5 GST BSA Gt-lGst-3G•t45 GST B

were coated on microtiter wells at 10 pg/mI and

used to bind each phage expressing the peptides
A) CEPYWDGWFC B) CYIWPDSGLC C) VVISYSMPD shown in Table 3 (each phage is identified by the

mCERQTQEr, 0 M nWPDSGL 15W peptide sequence it displays). The data
M FdTt DDFdTaU WIFdTO represent the mean colony counts from triplicate

1020- 1 wells, with standard error less than 10% of the
mean. Fd-tet insertless phage was used as a

1 O 2 negative control.

0- -6 50 Characterization of the synthetic

4W oo peptides corresponding to the
sequences displayed by the integrin-

2-0 cytoplasmic domain-binding phage
0 o V L. mft. • oWe selected specific phage for further

G.I(4O G3G145 T BOA Get-l Gt43 GS145 GOT BOA G""10-§lt §050j5 GST BSA studies on the basis of their binding
properties. We used synthetic peptides
corresponding to the sequence displayed
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by the phage to perform inhibitory studies (Figure 4A and B). This assay is important
because it determines whether phage binding is entirely mediated by the peptide
displayed by the phage. As expected, we found that the synthetic peptides can inhibit the
binding of the corresponding phage in a dose-dependent manner. A control peptide
containing unrelated amino acids had no effect on phage binding when tested at identical
concentrations.

Figure 4A. Binding A) CEQRQTQEGC B) GLDTYRGSP C) SDNRYIGSW
of the cytoplasmic- 120 120- 120 -

domain binding 10
ph.g toI 10 00- 100- 1- -" 0 'A"

immobilized protein , "' .ioo, 100..-,-

and inhibition with 80- so-
the synthetic peptide. T

Phage were incubated o-
on wells coated with 60.

GST-I3cyto in the 40- 40-

presence of increasing 4- 20 20

concentrations of the -- CEQRQTQEGC p -p GLOTYRGSP p p SONRYISSW Pp

corresponding 20 -O .-Control pp 0 ont -O ,rol .- - Contro pop

syntheticpeptideora
control peptide. The
data represent the ; ,"

mean colony counts Pop.ide Concen••do. (VghwM P.pdd. Conce.•rations (tVw%) Podd. Conc. r.iaon (9W,

from triplicate wells,
with standard error
less than 10% of the mean.

WISYSMPD
Figure 4B. Binding of 120-

the cytoplasmic-domain binding phage .
to f05 immobilized protein and inhibition 100 -- "
with the synthetic peptide. Phage were
incubated on wells coated with GST-05cyto in 8o
the presence of increasing concentrations of the
corresponding synthetic peptide or a control peptide. 0 o
The data represent the mean colony counts from
triplicate wells, with standard error less than 10%
of the mean. 40

20
-VVISYSMPO pp

-- 0.- CoItfI . \

0-

Pepi.e Concentration (pglw*K)

A selective P35 domain binding peptide identified by Phage Display
Because events involving tyrosine phosphorylation of key molecules are essential during
the signal transduction of integrins (Jenkins et al., 1998; Lin et al., 1997) we used

8



Cardo-Vila, M.
Final Report, 12/2004

recombinant fusion protein containing 135 cytoplasmic domain for panning of phage
libraries displaying tyrosine-containing peptides. We isolated 135 cytoplasmic domain-
binding peptides by screening a phage library displaying the motif X4YX4 (where X is
any amino acid and Y is a tyrosine) with an immobilized recombinant fusion protein
containing the P35-cytoplasmic domain. Immobilized glutathione-S-transferase (GST)
and bovine serum albumin (BSA) were used as negative controls. After three rounds of
selection with a significant enrichment for phage binding to 135, fusion protein peptides
inserts from randomly selected 135-bound phage were sequenced. The most common
motif (VVISYSMPD) was characterized further. To determine the specificity of its
interaction with the 135 cytoplasmic domain, phage displaying the VVISYSMPD peptide
was tested for binding to GST-13 1, -133, or -035 cytoplasmic domain fusion proteins. As
shown in (Figure 3B), the VVISYSMPD phage interacted only with GST-135 and not with
GST-P I and GST-133. Phage lacking a peptide insert (Fd-tet) did not bind to any of the
three immobilized fusion proteins. To determine whether binding of VVISYSMPD-
displaying phage was mediated by peptide sequence alone, we synthesized VVISYSMPD
peptide and assayed its ability to inhibit phage binding. As expected, VVISYSMPD
peptide inhibited binding of the corresponding phage in a dose-dependent manner. A
control peptide with an unrelated sequence had no effect on phage binding. As additional
negative controls, we engineered phage to display three scrambled versions of the
VVISYSMPD sequence (ISYVMDSVP, VISVYPDMS, and ISDPYVVSM). We clearly
show that these peptides do not bind to GST-131, -133, or -135 (Figure 5). Thus, we showed
that the VVISYSMPD peptide binds to the cytoplasmic domain of the 135 integrin and
that the interaction is specific.

1350"

M GST-fI
1125 0 GST-fW3

N GST-95
" 9o0- GST

S[]3 BSA
C. 675-

c 450-
1--

225'

0*
VVISYSMPD ISYVMDSVP VISVYPDMS ISDPYVVSM fdtet

Figure 5. Phage displaying scramble sequence of VVISYSMPD peptide did not bind specifically to
the 05 Integrin Cytoplasmic Domain. Integrin cytoplasmic domain GST fusion proteins or GST alone were
coated on microtiter wells at 10 pg/ml and incubated with P•5 cytoplasmic domain-binding phage
(VVISYSMPD) or the scramble sequences (ISYVMDSVP, VISVYPDMS, and ISDPYVVSM). Fd-tet
(insertless) phage were used as a negative control.

Phosphorylation events modulate the interaction of the selected peptides with
cytoplasmic domains

Events involving phosphorylation are important in regulating signal transduction. We
used the phage display system to evaluate the effect of tyrosine phosphorylation at two
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levels: (i) recombinant fusion proteins containing f03 or P35 cytoplasmic domains were
used for panning of phage libraries displaying tyrosine-containing peptides or (ii) the
cytoplasmic domains themselves were phosphorylated before phage selection was
performed. Experiments were performed to investigate the capacity of specific tyrosine
kinases to modulate the interaction of the selected peptides with the cytoplasmic
domains. This strategy is interesting because it can reveal the effect of phosphorylation
on their binding properties at different levels.

Biological properties of the cytoplasmic domain-binding peptides

We performed several assays in the presence and absence of the cytoplasmic domain-
binding peptides to assess the effects of these peptides on cell function.

Apoptosis triggered by the P5-cytoplasmic domain binding peptide
We successfully internalized the P5-cytoplasmic domain binding peptide using a
penetratin chimera. Penetratin is a 16-residue peptide corresponding to amino acids 43-
58 of the homeodomain of the Drosophila Antennapedia transcription factor. Penetratin
can move hydrophilic compounds across the plasma membrane and targets oligopeptides
to the cytoplasm without apparent degradation (Derossi et al., 1994). This internalization
occurs at both 37'C and 4VC (Joliot et al., 1991a, 199 1b; Le Roux et al., 1993; Bloch-
Gallego et al., 1993). Similar penetratin fusion peptides (penetratin chimeras) have been
shown to be internalized into cells in culture and elicit peptide-specific biological
responses (Theodore et al., 1995; Bonfanti et al., 1997; Holinger et al., 1999). Penetratin
and penetratin fused to VVISYSMPD (Pen-VVISYSMPD) were synthesized and labeled
with biotin. To analyze the biological effects of P35-binding peptides, we used human
umbilical vein endothelial cells (HUVECs) as a model system. HUVECs express high
levels of the P5 integrin and respond to proangiogenic cytokines. In fact, f05-mediated
signaling pathways can be activated by VEGF in endothelial cells (Eliceiri, 2001;
Stupack and Cheresh, 2002). Penetratin, penetratin chimeras, and a control biotinylated
peptide were incubated with HUVEC monolayer for 1 hr. Cells were then fixed and
stained with streptavidin-fluorescein isothiocynate (FITC) to confirm internalization of
the peptide.

The internalizing form of the VVISYSMDP peptide induced apoptosis upon VEGF
stimulated quiescent HUVEC cells. Cell death was analyzed by using propidium iodide
(Pl)/fluorescence-activated cell sorting (FACS) (Figure 6) analysis as well detected by
the binding of annexin V to the cell surface (Figure 7) (Fadok et al., 1992). A DNA
laddering assay confirmed that DNA fragmentation occurred in cells treated with Pen-
VVISYSMPD. Caspase activity was required for induction of cell death. Treatment with
z-VAD prevented over 50% of the Pen-VVISYSMPD-induced cell death. In contrast, the
caspase-8 inhibitor z-IETD had no such effect. These results show that apoptosis induced
by Pen-VVSYSMPD in HUVECs requires caspase activation, although caspase-8 is not
involved in that process

a) Starved cells b) Confluent cells c) Penetratin d) VISY
C.ell Cyle Cell cyl. C.tell cycle Cell Cycl -

GWG,ý: ,1% G/G.: 7.4% GI G ,: 6.24% 43.0%

C• 10

. . . i 4 A1 4 1824 a .. 182.
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Figure 6. Penetratin peptide chimera binding to the 05 cytoplasmic domain induces programmed cell
death in HUVEC. A) Phase contrast of VEGF stimulated HUVECs cultured in apoptosis assay. B) 106
HUVEC were harvest in complete media. After that time, 15pM penetratin peptides chimera were added to
the culture for four, eight and twelve hours. The cells were stained with Propidium Iodide (PI) and induction
of apoptosis was analyzed by cytometric analysis. a) 24 hours starved cells. b) Confluent cells in complete
media. c) 15pM of penetratin was incubated for four hours. d) 15pM of VISY-penetratin chimera was
incubated for four hours. At eight hours and twelve hours points showed a similar percentage of Go/G1 .

100 I o Complete rnedl'
100 VEGF-sttmut

"6 80

,. 60

1401
e 20•

P 0netratin + - - - Figure 7. Apoptosis detection by annexin

Pen-VVISYSMPD - + - -V staining. Cells were harvested after
treatment with internalizing peptides as

Pen-SDNRYIGSW - - + - indicated, and stained with ApoAlert.
VVISYSMPD peptide ....- -

Programmed cell death is involved in many diseases as well as in wound healing and in
tissue remodeling (Reed, 2001). Disruption of integrin-mediated cell-matrix interactions
may lead to caspase-dependent apoptosis; two pathways, anoikis (Frisch and Francis,
1994) and integrin-mediated death (IMD; Stupack et al., 2001), have been described. By
definition, anoikis requires loss of cell adhesion (Frisch and Francis, 1994; Frisch and
Ruoslahti, 1997; Frisch and Screaton, 2001; Howe et al., 2002; Meredith et al, 1998;
Aoudjit and Vuori, 2001). Given that cells treated with the VVISYSMDP peptide
undergo apoptosis while still attached, it is unlikely that our observations can be
explained by the general phenomenon of anoikis. On the other hand, IMD occurs when
P3-mediated interactions are blocked in adherent cells. However, IMD is induced by the
cytoplasmic domains of 13 or P3 (but not P5) and it results from recruitment of caspase-8
to the membrane and its subsequent activation (Stupack et al., 2001). In contrast, the
VVISYSMDP peptide binds only to the 05 cytoplasmic domain (but not to P1I or P3).
Finally, caspase 8 activity is not required for VVISYSMDP-induced cell death. Taken
together, these observations indicate that VVISYSMDP-induced apoptosis is a
programmed cell death mechanism not as yet described.

P5 integrin-null fibroblasts resistant to Pen-VVISYSMPD-induced apoptosis
We tested whether the P5 integrin subunit was required for apoptosis induction by the
VVISYSMPD peptide, we compared the effects of internalizing peptides on fibroblasts
isolated from P5 integrin-null mice (Huang et al., 2000) and wild-type mice. Penetratin,
VVISYSMPD, or Pen-VVISYSMPD were added to the culture media. Marked cell death
was observed in wild-type fibroblasts treated with Pen-VVISYSMPD, while fibroblasts
lacking the P5 integrin were not affected. Treatment with penetratin or the non-
internalizing VVISYSMPD peptide did not induce cell death (Figure 8). Cell viability
was quantified (MTT) assay. These results showed that apoptosis induction by the
membrane-permeable form of the VVISYSMPD peptide does not occur in the absence of
the P5 integrin subunit.
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j35-nuII
F%5-nl IZ5wild type

Figure 8. Cell death induced by Pen-WISYSMPD requires 05 expression Fibroblasts from 35-null mice
or from wild-typewere incubated with 15 pM Pen-VVISYSMPD peptide. The cells were visualized by phase
contrast (100 x magnification).

To reinforce that VVISYSMPD-triggered cell death requires the expression of P5, we
used a different cell system in which 155 integrin-negative cells (CS- 1) were transfected
with i 15. We showed that VVISYSMPD-triggered cell death does not occur in the
absence of the P5 subunit (Figure 9), and does occur in 15-transfected cells. Cell viability
was quantified by MTT assay. These results show that apoptosis induction by the
membrane-permeable form of the VVISYSMPD peptide does not occur in the absence of
the 15 integrin subunit.

CS-11 CS-1-ri5
Figure 9. Expression of 05 cytoplasmic domain is required. CS-1 or CS-1-P5 cells were incubated with
RPMI alone (1, 4), Pen-VVISYSMPD (2, 5) or penetratin at a concentration of 15 pM (3, 6) and visualized by
phase contrast (100 x magnification).

Purification of 15-mimicked band to identify the target protein
We reasoned that the VVISYSMPD peptide could mimic a f35 integrin-associated
molecule. To test this hypothesis, we generated a polyclonal antibody against the
peptide. The anti-VVISYSMPD serum recognized the immobilized VVISYSMPD
peptide in a concentration-dependent manner. Reactivity was abrogated by preincubation
with the synthetic VVISYSMPD peptide, but not with an unrelated control peptide (data
not shown). When tested on Western blots of total cell extracts, the anti-VVISYSMPD
polyclonal antibody reacted with a specific 36-kDa protein.

We used the anti-VVISYSMPD antibody to probe protein samples from cell extracts
processed by sequential gel filtration and anion exchange column chromatography to
identify the target antigen. A 36-kDa protein was enriched after the final purification step
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(Figure 1 OA) and was recognized by the anti-VVISYSSMPD antibody on Western blots
(Figure lOB).

A B
F-15 F-16 F-15 F-16

-250

g -2Figure 10. Identification of the Protein Mimicked by
64 the VVISYSMPD Peptide
50• (A) Coomassie blue staining of proteins obtained from
36 -cell extracts after ion exchange chromatography

followed by molecular weight fractionation. The arrow
indicates the protein excised and processed by MALDI-S•-16 TOF mass spectroscopy of F-15 and F-16. (B)Western

.6 blot analysis of fractions containing purified proteins
-4 using the anti-VVISYSPMD rabbit antiserum (generated

by immunizing rabbits with VVISYSMPD-KLH).

Mass spectrometry analysis revealed seven unique peptides derived from the purified
36kDa protein that matched the annexin V protein sequence (Cookson et al., 1994) in a
BLAST homology search (Figure 11).

I MAQVL J i AD AETLRKAMK .NAQR QEISAAFKTL FGR
"71 lFEKL IVALMKPS I HAL KGAGTNEKVL TEIIASRTPE ELRAIKQVYE EEYGSSLEDD

141 VVGDTSGYYQ RMLVVLLQAN RDPDAGIDEA QVEQDAQALF QAGELKWGTD EEKFITIFGT RSVSHLRKVF
211 DKYMTISGFQ TEETID .... . ........ SIRSIPAY LAETLYYAMK GAGTDDHTLI RVMVSRI
281 I KEFRK GDTSGDYKK ALLLLCGEDD

S YSM D

VVIS-YSMP -D

Figure 11. The amino acid sequence of the full-length h-annexin V from the NCBI database (accession
number AAB60648). Boxed in orange are the seven peptides obtained by mass spectrometry from the
purified protein shown in Fig 4A. The region of similarity with the VVISYSMPD peptide is underlined;
identical (*) and conserved (+) amino acids are indicated,

To confirm that the purified protein was annexin V, we reprobed the membrane
containing the fractions enriched for the 36-kDa protein (Figure 12) with a commercial
antibody against annexin V, which readily detected the same 36-kDa antigen (Figure 9B).
These results show that annexin V is the protein recognized by the anti-VVISYSMPD
polyclonal antibody.

F-IS F-16

Figure 12. Annexin V is the purified protein. The same Western blot (Figure 9B)
was stripped and reprobed with a polyclonal anti-human annexin V antibody.
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Analysis of a three-dimension model of annexin V based on its structure (Sopkova et al.,
1993) shows that the motif containing the P5-binding peptide is exposed on the surface of
the molecule (Figure 13). Annexin V belongs to a family of proteins defined by their
ability to bind calcium and phospholipids via a series of tandem motifs that form the core
of the protein (Dubois et al., 1996). All annexins contain a putative PKC binding site, but
only annexin V has been shown to function as a PKC inhibitor (Schlaepfer et al., 1992;
Dubois et al., 1998). Thus, we sought to determine whether inhibition of PKC would
interfere with the induction of apoptosis by the VVISYSMPS peptide.

Figure 13. Annexin V structure
showing the location of the
sequence containing the 15-
binding peptide (in yellow).

Localization of Annexin V and the cxvP5 Integrin in Pen-VVISYSMPD Untreated
and Treated HUVECs
Double immunofluorescence staining of P5 (shown in green) and annexin V (shown in
red) in VEGF-stimulated cells (HUVECs) was used to evaluate the localization of these
two proteins in proliferating and dying cells by immunofluorescence (Figure 14). P5
(shown in green) and annexin V (shown in red) colocalize (yellow) in VEGF-stimulated
cells Loss of the cytoplasmic membrane integrity (likely due to massive apoptosis
induction) was seen 3 hr after treatment with Pen-VVISYSMPD, yet cells remain
attached.
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Figure 14. Localization of Annexin V with avP5 Integrin and a PKC Inhibitor Modulates the apoptotic
Effects in Pen-VVISYSMPD Untreated and Treated HUVECs. Double immunofluorescence staining of P5
(shown in green) and annexin V (shown in red) in VEGF-stimulated cells (HUVECs). Colocalization of P5
cytoplasmic domain and annexin V appears in yellow in the merged images (top right panel). P5 and
annexin V no longer co-localize after incubation with Pen-VVISYSMPS for 1 hr (middle panels) or 3 hr (lower
panels).

PKC Activity Is Required for VVISYSMPD-Induced Cell Death
The role of annexin in signal transduction and the mechanism(s) by which annexin V
inhibits PKC activity remain elusive. It has been proposed that the identification of a
protein that regulates the relative concentrations of annexin V and PKC near the
membrane may control PKC signaling events (Dubois et al., 1996). However, such a
protein has not yet been identified. On the other hand, PKC signaling regulates 05
function and controls cell survival in endothelial cells (Tang et al., 1999; Lewis et al.,
1996). Serine/threonine kinases are activated upon integrin stimulation, and inhibitors of
PKC block cell attachment and spreading in vitro (Vuori and Ruoslahti, 1993; Nakamura
and Nishizuka, 1994; Chen et al., 1994). The C-terminal domain of annexin V associates
with and inhibits PKC in the presence of Ca2+ (Schlaepfer et al., 1992; Raynal et al.,
1993; Rothhut et al., 1995; Dubois et al., 1995). These observations led us to hypothesize
that PKC regulates [35-dependent apoptosis induced by Pen-VVISYSMPD. We
demonstrated that the PKC inhibitors Myr-PKCI i/ , calphostin C, and Ro31-8220
inhibit VVISYSMPD-induced cell death, but no PCKe, and Myr PKCiI (Figure 15A).
These results also show that conventional PKCs play a key role in VVISYSMPD-
mediated cell death.
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A

100

80

/40 Figure 15. Effect on Annexin V
20 and avP35 Integrin with a PKC

Inhibitors A) VEGF-stimulated
HUVECs were incubated with

""f 0. •PKC inhibitors (Myr-PKC /I,

B , a calphostin C, Ro 31-8220, Myr-
PCKE, Myr-PKCt ) or PMA in the
presence or absence of pen-
VVISYSMPD. Cell viability was
evaluated by the MTT assay 24 hr
later. B) The PKC inhibitor
calphostin C delays apoptosis

- V "Ca tn. induced by Pen-VVISYSMPD iniCalptinISY D P Pn-ISYSMPD HUVECs.

High concentrations of
calphostin C induced cell death (Zhu et al., 1998). However, at low concentrations (1-10
nM), we show that calphostin C inhibited PKC activity without significant induction of
cell death (Figure 155B). Apoptosis induced by the VVISYSMPD peptide was markedly
reduced in the presence of low concentrations of calphostin C (Figure 16A). A [3H]-
thymidine incorporation assay revealed that cell proliferation was completely blocked by
Pen-VVISYSMPD. Apoptosis induction was evaluated, there were more viable cells in
the wells exposed to both Pen-VVISYSMPD and calphostin C than in monolayers treated
with only Pen-VVISYSMPD (Figure 16B). These data show that VVISYSMPD-induced
apoptosis is blocked by inhibition of PKC, suggesting that PKC activity regulates the
proapoptotic effects of the VVISYSMPD peptide.

ABA 40 - D- P~%vtsw n MPo] B 120, 0- Pe n-.vvsYSMI•D]N+ Pen-wvISYSuP 100. I Pen-VVISYSMPO

0- 0 , ' i '

0y 1 10 100 100 0 1 10 100 1000

Calphostin C (nM) Calphostin C (WM)

Figure 16. Calphostin C inhibits apoptosis induced by the Pen-WVISYSMPD peptide. A) HUVECs were
incubated with increasing concentrations of calphostin C with or without 12 pJM Pen-VVISYSMPD. After an
overnight incubation, proliferation was assessed by measuring [3H]-thymidine incorporation. B)
Quantification of cell viability after incubation with Pen-WVISYSMPD in the presence of increasing
concentrations of' calphostin C.
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Annexin V Associates with the [35 Integrin Cytoplasmic Domain
We performed reciprocal co-immunoprecipitation using antibodies against the 135 integrin
or annexin V to show that annexin V associates with P35 integrin in vivo. We then probed
immunoprecipitates on Western blots with a well-characterized anti-035 antibody. A
specific band corresponding to the 135 integrin subunit was detected (Figure 17). These
data demonstrate that annexin V associates with 135 integrin in cells.

l.P. Figure 17. Annexin V Associates to with the 05F > •Integrin Cytoplasmic Domain. HUVECs were lysed
with RIPA buffer containing Ca 2+, and

S• immunoprecipitation was performed with an anti-f35
integrin antibody (lane 1), an anti- annexin V

4 1 . antibody (lane 2), or anti-mouse IgG as a negative
I I I ~ control (lane 3). P5 integrin was detected by

W.B.: anti-fl5 integrin Western blot analysis by a monoclonal antibody. A
crude cell extract is shown in lane 4.

We used protein binding assays to show that the interaction between annexin V and the
135 integrin cytoplasmic domain was specific (Figure 18). Recombinant annexin V was
incubated with GST-035, or with 131 or 133 GST fusion proteins as negative controls.
Because Ca2+ is required for the association between annexin V, PKC and phospholipids
(Mira et al., 1997), we tested whether Ca2+ would also enhance the interaction between
annexin V and 135. Bound annexin V was detected with a specific antibody against

annexin V. A highly specific interaction between annexin V and the GST-035
cytoplasmic domain was observed (Figure 18). Ca2+ was required for the interaction,
since annexin V binding was not detected when Ca 2+-free buffers were used. The
interaction between the 135 cytoplasmic domain and annexin V was specifically inhibited
by the VVISYSMPD peptide. Thus, the VVISYSMPD peptide mimics the binding site
through which annexin V associates with the cytoplasmic domain of the 135 integrin
subunit.

0.5 0 Calcium4ree Tris buffered saline
0 Calcium-containing binding buffer

E0.4 0 Calcium-free binding buffer
C

0.3

0 0.2

0.1

0.0 -
GST-pI GST-P3 GST-VS GST-5 GST

Annexin V + + + + +
WISYSMPD peptide - - - + -

Figure 18. Annexin V binds to the 05 cytoplasmic domain. Binding of recombinant human annexin V
was determined spectrophotometrically by an anti-human annexin V polyclonal antibody.

We ruled out the possibility that the VVISYSMPD peptide might induce apoptosis by
directly inhibiting PKC, we tested whether the peptide binds to the enzyme. If the peptide
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interacted with PKC, it might also affect the interaction between annexin V and PKC.
Phage binding assays eliminated both possibilities, as no binding of VVISYSMPD-
displaying phage to PKC was detected; the 035-GST protein was used as a positive control
(Figure 19A).

A B 0.6
10"

E
C 0.4-

6-0

0 00.2-

29-

0 W PKC + + + + + + +
PKC GST"45 GST BSA Annexin V + + + + - + +

VVISYSMPO peptide - + - - - + -
Control peptide - - + - - - +
GST-P5 Integrin - - - + + + +

Figure 19. Inhibition of Annexin V to PKC by 105 cytoplasmic domain. A) The VVISYSMPD peptide does
not bind to PKC. Purified PKC was coated on microtiter wells at 250 ng/ml and incubated with phage
displaying the VVISYSMPD peptide. GST-P5-coated wells were used as a positive control and wells coated
with GST or BSA as negative controls. B) The P5 integrin cytoplasmic domain inhibits binding of annexin V
to PKC. Microtiter-plate wells coated with PKC were incubated with annexin V with or without GST-P5
cytoplasmic domain and VVISYSMPD peptide or with an unrelated control peptide.

Annexin V had been shown to bind to PKC (Schlaepfer et al., 1992), and we examined
whether the VVISYSMPD peptide could interfere with this interaction. Protein-protein
binding assays showed that the VVISYSMPD peptide did not affect the binding of
annexin V to PKC (Figure 19 B). In contrast, the GST-f35 integrin cytoplasmic domain
blocked the binding of annexin V to PKC by about 40%. Importantly, the interaction
between annexin V and PKC was rescued when VVISYSMPD peptide and GST-[35 were
incubated jointly. Taken together, these results showed that binding of annexin V to the
cytoplasmic domain of P35 integrin is blocked by VVISYSMPD peptide.

Interestingly, PMA did not prevent VVISYSMPD-induced cell death, because it
facilitated PKC binding to annexin V (Figure 20). Consistent with this result, a specific
inhibitor of conventional PKCs (Myr peptide) blocked binding of annexin V to PKC
(Figure 20) and inhibited VVISYSMPD-induced cell death These results supported a key
role for PKC activity and subsequent inhibition by annexin V in the VVISYSMPD-
induced cell death process.

0.12-

0 PKC (Ab-2)
E Control IgGr 0.08,

6 0.06.
0

0.04

0.02 -

PMA - + + +

MyristovIed peodtde -. . . +
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Figure 20. Annexin V binds to activated PKC. HUVECs incubated with PMA or with the Myr peptide for
the indicated times were used as the source of immunocaptured PKC. Binding of annexin V to PKC was
analyzed by incubating each sample well with 1.5 pg/ml recombinant human annexin V. Bound annexin V
was detected spectrophotometrically with an anti-human annexin V polyclonal antibody. Control IgG was
used as a negative control.

We observed that PKC activity was required for annexin V binding; yet it was through
annexin V-dependent PKC inhibition that cell death were induced by the 135-cytoplasmic
domain binding peptide. Moreover, based on experiments performed with specific PKC
inhibitors, conventional PKCs mediated VVISYSMPD-induced cell death.

P35 cytoplasmic-binding peptide Inhibits Neovascularization In Vitro and In Vivo
We determined whether pro-angiogenic factors modulate apoptosis induced by Pen-
VVISYSMPD, we evaluated cell death after stimulation with factors that activate
endothelial cells. HUVECs treated with Pen-VVISYSMPD in the presence of VEGF or
basic fibroblast growth factor (bFGF) underwent rapid apoptosis compare to the controls
(Figure 21). Penetratin or the VVISYSMPD peptide alone were used as negative controls
and had no effect under identical conditions. Therefore, cell death induced by Pen-
VVISYSMPD is markedly enhanced by pro-angiogenic growth factors. These
observations led us to hypothesize that Pen-VVISYSMPD might function as an inhibitor
of angiogenesis.

No peptlde Penetratin

SFigure 21. Pen-WISYSMPD inhibited
- .vascular network formation. HUVECs

r3- ÷-were plated in Matrigel-coated plates
Ar- ,and photographed 24 hr after incubation

Swith penetratin, Pen-VVISYSMPD, or the
VISYSMPD peptide alone (magnification4x).

Pen-VVISYSMPD ! VVISYSMPD peptide

In response to specific stimuli, endothelial cells plated on Matrigel develop into networks
of capillary-like structures. VEGF-stimulated HUVECs plated in Matrigel were used as a
model of neovascularization. By using this model, we showed that incubation with Pen-
VVISYSMPD completely inhibits the formation of a vascular network, while penetratin
or the VVISYSMPD peptide alone did not have any effects. Subcutaneous implantation
of Matrigel plugs containing a combination of bFGF plus VEGF in nude mice induces
vessel growth within 5 days. Pen-VVISYSMPD completely inhibited angiogenesis
induced by both growth factors, while penetratin alone had no effect (Figure 22). These
results clearly showed that the I05 cytoplasmic domain-binding peptide inhibits
neovascularization.
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